A method is described to obtain time-and energv-resolved mass spectra of ions from discharges between solid electrodes in vacuum. The method is used to investigate the triggered condensed dis charge. The discharge is found to consist of two distinct phases: a short high-voltage breakdown (spark) is followed by a longer low-voltage discharge (a rc ). A model is proposed to explain the processes involved.
In addition to the conventional r. f. D e m p st e r spark ion source, a num ber of ion sources based on other discharge types between electrodes in vacuum have recently been suggested for the quantitative mass spectroscopic analysis of solids. However, up to now little is known concerning the physical pro cesses leading to ion form ation. To obtain some insight into the processes occuring in discharges in vacuum, it is necessary to investigate the time variation of the yield of individual ion species as they emerge from the discharge.
Tim e-R esolved Mass Spectroscopy
We have developed a method of time-resolved mass spectroscopy for the investigation of ion form a tion processes in vacuum. The basic principle is shown in Fig. 1 . Ions emerging from the source are accelerated to an ion beam by an ion optical lens system in the usual manner. P rio r to its passage through the object slit of the mass spectrograph, the ground slit of ion acceleration system ion beam passes a pair of deflection plates mounted between the final grounded slit of the ion accelerat ing system and the object slit of the mass spectro graph. A potential in the order of 100 v is applied to the deflection plates such that the ion beam is sufficiently deflected away from the object slit: the beam cannot enter the mass analyzer. At a pre determined instant after the initiation of the ion formation process, the deflection plates can be ground ed for a selected time interval. During this interval, the ion beam is not deflected. It passes the object slit of the mass spectrograph and is analyzed.
To experimentally demonstrate time-resolution, we used a S o lartro n type GO 1005 Decade Pulse Generator with two outputs. A pre-pulse (see Fig. 2 ) triggers the ignition of the discharge between the electrodes. The main pulse is directly fed to the deflection plates. The delay time t(\e\ of the main pulse with respect to the pre-pulse as well as the lenght of the main pulse can be adjusted arbitrarily. Time-resolution is better than 200 ns. The repro ducibility of the delay time setting of the main pulse is better than 50 ns. The arrangement of the deflection plates in front of the object slit of the mass spectrograph offers two distinct advantages: it allows ion beam manipulation 56pe6+ 56p05+ 56FeA + 56p03+ 56pe2+ 56Fe+ without interfering with the ion optical properties of the instrum ent, and it keeps small the times of flight of the ions from their point of origin to the deflec tion plates, thus reducing mass and energy dis crimination.
The time of flight required by an ion of mass m and initial energy E0 to traverse the distance from its point of origin to the deflection plates is deter mined by the applied ion accelerating potential and the source geometry. Some typical figures are given in Table 1 for ions accelerated to 20 kev in the source configuration shown in Fig. 1 processes of duration < 0 .1 us, these different times of flight can easily be employed to measure the energy distribution of low-energy ions leaving the discharge. For longer processes, the distance between the discharge and the accelerating region can be reduced. This measure diminishes the times of flight of the ions and permits study of the variation of ion form ation processes with time.
Energy-Resolved Ion A nalysis
For ion analysis, we use a double focusing mass spectrograph of the original M a t t a u c h -H erzo g geo metry. Ions are detected on photographic plates in the usual manner.
In addition to time-resolving the discharge process, we energy-resolve the ions issuing from the source. An energy-resolution of about 100 ev is obtained by a narrow energy slit in front of the magnetic field of the mass spectrograph, and a small aperture in front of the radial deflection field. Ions of different prim ary energies are analyzed by different ratios of ion accelerating voltage to radial field voltage.
The Triggered Condensed Discharge
We have applied time-resolution and energyresolution to a study of the triggered condensed dis charge 2 between solid electrodes in vacuum.
The discharge circuit used in our experiments is schematically shown in Fig. 3 . The capacitor Cx is charged to a few kv by a d. c. charging circuit. A hydrogen-filled thyratron, triggered by a pulse generator, acts as a fast switch to discharge the charging circuit thyratron circuit electrode circuit capacitor across the prim ary of a pulse transform er.
The fast-rise current induces a high voltage peak in the secondary of the pulse transformer, igniting a discharge between two electrodes in vacuum.
Up to the instant of ignition, oscillograms of voltage and current agree with calculations of a comparable circuit 3 so that the required conditions for instantaneous and unidirectional ignition pro cesses can be taken from this work.
The duration of gap breakdown, e. g. the time necessary for the voltage to drop from some 104 volts down to a few volts, is less than 10~7 s. Voltage and current oscillograms of the breakdown phase are very similar to those observed by one of us in the r. f. D e m p s t e r sp a rk 4. The condensed discharge does not terminate with gap breakdown, however, due to the higher energy capacity of the circuit. After breakdown, the voltage oscillograms inoscu late with the voltage curve of the short circuit case, corresponding to a high-current, low-voltage dis charge, closely resembling the voltage-time relation ship of the d. c. drawn arc 5. The duration of the low voltage discharge phase is proportional to the square root of the prim ary capacitance . Using a condenser Cx of 30 nf, we obtained low-voltage 
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R esults
The combination of both time-and energy-resolution enables us to expose a single photographic plate with ions having different prim ary energies, and having originated at different instants of the dis charge. Fig. 4 * shows some portions of a photographic plate, displaying the lines 56Fe+ to 56Fe6+, from mass spectra obtained with the triggered condensed dis charge between iron electrodes. All exposures were made to approximately equal total charge. The ex posures in the vertical show the lines of ions which originated in different time intervals from 0 to 1.2 jus after the ignition of the thyratron. In the horizontal, ions of prim ary energies within the energy intervals 0 -100 ev, 200 -300 ev, and 400 -500 ev are displayed. The thyratron was con ducting for a total of 1.3 //s.
As expected from the oscillograms, the mass spectra of ions formed during the gap breakdown phase (0 to 0.3 //s) are very sim ilar to those ob tained with the r. f. spark 4. In contrast, the mass spectra of ions originating during the low-voltage phase of the discharge very much resemble those found with the d. c. drawn arc ". mode of plotting employed in the figure does not perm it the comparison of intensities for ions within different prim ary energy intervals or with different times of origin. For example, ions from the lowvoltage phase of the discharge show a considerably smaller prim ary energy distribution than those which originated during the braekdown phase. In the lowvoltage phase, less than 1% of the ions have energies within 200 to 300 ev, and less than 0.1% lie within the energy interval from 400 to 500 ev, relative to the 0 to 100 ev interval.
In Fig. 5 , the large difference in shape between the distribution of ions from the ignition phase (0 to 0.3 //s) and the low-voltage phase (0.6 to 1.2 //s) is rather striking. For the low-voltage phase of the discharge, we observe a distribution of ionization states typical for a plasma in thermal equilibrium as governed by the S a h a -E g g e r t equation (see be low) .
To emphasize the difference between the two dis charge types, the ionization state distributions of the triggered condensed discharge are compared with those of the r. f. spark and of the d. c. drawn arc in Fig. 6 . The close similarity between the corres ponding distributions of the two high-voltage sparks * (see Fig. 6 , top) and the two low-voltage arcs * (see Fig. 6, bottom) is obvious. However, some ions from the low-voltage arc phase seem to be superimposed on the low-energy ions from the ignition phase. For the d. c. drawn arc discharge, ions with prim ary energies higher than 200 ev could not be detected 9' 6.
D iscussion
Time-and energy-resolution of the ions from a triggered condensed discharge revealed that the total discharge process can be divided into two subsequent phases.
The ignition phase shows a high-voltage break down of the gap between the electrodes similar to that observed in the r. f. spark 10. The following * Because of its highly dynamic nature, we denote the highvoltage gap breakdown by "high-voltage spark" while we consider the low-voltage discharge as a "low-voltage arc" because of its quasi-stationary character. These expressions somewhat disagree with those customary in optical spec troscopy. There a "spark" denotes a strongly ion-forming process ("spark spectrum " ) while the "arc" classifies a discharge giving rise to the "arc spectrum " of neutral atom s or molecules. 9 K. D. S chuy, PhD-Thesis, University of Mainz, "D 77" . breakdown mechanism is based on a model proposed by H o n i g and cooperators n ' *' 6.
If the field strength between the electrodes reaches an average value of about 105 V/cm, field electron emission commences at cathode asperities, presum ably on small whiskers 12,13. This pre-breakdown phase is reversible 14,15. The electrons form weakly divergent beams impinging on the anode surface, heating up small areas of the surface 16-12. Vaporized anode m aterial is ionized by the electrons and increasingly fills up the gap with positive space charge. The space charge increases the field strength at the cathode surface, giving rise to increased elec tron emission. If the voltage across the electrodes exceeds a critical value, this auto-amplification pro cess goes beyond the stability range of the pre breakdown phase 17. The current increases irre versibly; the voltage across the electrodes drops from some 104 volts to practically zero. This break down phase terminates within less than 10" 7 s. In agreement with this model, extremely short dis charges as obtained with small prim ary condensers Cj , show that anode ions appear preferentially 6' 2.
Our observations do not permit conclusions to be draw n concerning the processes occuring in the transition interval between the high-voltage spark and the following low-voltage arc. It appears (see Fig. 5 , time interval 0.3 to 0.6 //s) that the duration of the transition region is in the order of 0.3 us. Ion emission during this period is relatively low.
For the low-voltage arc phase we propose the following model, based on the theory of particle currents in the positive column of glow discharges 18 and on the theory of cathode mechanisms in vacuum arcs 19, 20. Ions present at the cathode drop boundary are accelerated towards the cathode. Upon impact and de-ionization, they heat up the cathode surface to form a cathode spot. From the hot cathode spot, reaching tem peratures up to 6000 °K , large numbers of neutral atoms of the surface evaporate and migrate across the cathode drop. Simultaneously, electrons are drawn out of the hot cathode spot by the high field strength existing at the surface (TemperatureField-Emission 19) . The electrons, accelerated in the cathode drop, heat up the vapour in the sub sequent positive column by multiple collissions to form a plasma of very high temperature. The process is only operative at current densities in the order of 105 A/cm2 (cf. 20) , and results in high pressures in the plasma. Due to the high plasma pressure, thermal equilibrium is attained within less than 10~8 s (cf. 21, 22) . The high temperature leads to an almost completely ionized plasma. According to calculations of particle currents in glow discharges 18, only about half of the ions formed in the plasma are accelerated towards the cathode. The other half migrates towards the anode by am bipolar diffusion and is responsible for the net transfer of cathode m aterial to the anode as observed experimentally. We notice that the frac tion of ions m igrating to the anode transfers charge in the wrong direction. However, this current of positive charge is overcompensated by a larger current of electrons freed in the plasma by ioniza tion. The anode itself remains relatively cool in this process. It is heated only by the thermal conductivity of the plasma and by the heats of de-ionization and condensation.
According to the S a h a -E g g e r t equation, the dis tribution of ions among their ionization states is, for a plasma in thermal equilibrium , uniquely determined by plasma tem perature and electron pressure. The distributions shown in Fig. 6 both for the lowvoltage arc phase and the d. c. drawn arc very much resemble such S a h a distributions. Indeed, for the d. c. drawn arc discharge we were able to compute theoretical distributions which agree with the experi-
